Optical-wave propagation in the atmosphere is affected by fluctuations in temperature, water vapor, and pressure, leading to small changes in the refractive index. These can occur anywhere in the atmosphere in regions of high shear (velocity changes with height), but they almost always occur within the atmospheric boundary layer. In that region, mixing of heat and moisture from the surface into the turbulent air flow causes large variability in temperature and water vapor over heights of hundreds to thousands of meters. Characterization of the properties of optical-wave propagation in the atmosphere has been an intense field of research, primarily for military and astronomical applications. Atmospheric disturbances in wave propagation are usually a nuisance, because changes in the illuminance or perceived location of a target negatively affect astronomical 'seeing' or target tracking.
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For irrigation applications, evapotranspiration (ET) measurements allow dynamical fine-tuning of the amount of water that must be supplied by irrigation systems. In the absence of such measurements, crops and turf are often overwatered by rigid timer-based systems or because of manual application by inexperienced operators. Since irrigation of crops, golf courses, and landscaping makes up more than 75% of the total applied water use in California, in times of drought and rising water prices, ET quantification is becoming more popular. The main shortcoming of existing ET sensors is that they measure local values, while in reality ET varies substantially because of soil and soil-moisture heterogeneity and variations in plant health. Scintillometers can be used to derive the average ET rate for a given field or golf course.
Scintillation describes the variations in the signal intensity of an optical beam. 1 The human eye can detect major refractive index changes, which manifest themselves as blurring close to a very hot surface (such as a car roof or a road in the sun). However, current-generation optical sensors are sensitive to much smaller refractive-index changes. Scintillometers are active remote sensors that can measure variations in beam intensity over distances of up to 10km using a transmitter-to-receiver setup. Typically, scintillometer systems (see Figure 1) operate at a wavelength of 880nm, where temperature fluctuations are the major source of signal-intensity variations. This implies that the sensible-heat flux can be derived from the measurements. For example, it is inversely proportional to the ET rate and can be derived if we know the radiative heat-transfer rate between surface and sun/atmosphere, and the ground heat flux. Radiowave scintillometers that are more sensitive to water vapor would, in principle, be more suitable for this application, but several technical challenges remain unsolved.
Our research focuses on quantification of differences among instruments 2, 3 and saturation studies. The scintillometer aperture must be large enough to avoid saturation, which occurs
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when the scintillations are so strong that the weak-scattering theory breaks down, and the variations are no longer proportional to the heat flux. For increasing aperture sizes and instrument height above the surface, fewer and fewer scintillations will be measured, thus increasing the instrument's resistance to saturation. For distances between transmitter and receiver of up to 4km, an aperture of 0.15m is sufficient. For longer transects, one would use apertures of 0.3m or larger. For local applications to individual fields, one would measure scintillations at a height of at least 2-3 times the crop level. Large-aperture scintillometers, the measurement devices of choice in hydrology, are eyesafe and do not pose a threat to people or wildlife. In a study currently under review, we found that saturation already occurs at a refractive-index structure parameter of half the theoretically derived saturation limit. 4 Henk de Bruin, 5 a retired professor from Wageningen University (Netherlands), first applied scintillometry to agriculture in the 1990s. The technology has since been commercialized, but the current generation of instruments-while very accurate-is too expensive for use by a single farmer or irrigation manager. Continued advances in optics and lasers may improve the economics in the long term. At present, the system is best used at multiple sites throughout a region in conjunction with statewide efforts to calibrate satellite remote-sensing ET maps that could then be used by irrigation managers or smart-irrigation controllers.
For example, we set up a prototype system in New Mexico 6 and concluded that scintillometers are suitable for 'ground truthing' of Landsat thermal images at pixel sizes of up to 90m. However, for moderate resolution imaging spectroradiometer (MODIS) thermal imaging at a pixel size of 1km, the heterogeneity of the narrow riparian corridors creates subpixel differences that make it difficult to reconcile scintillometer measurements over a flux footprint with ground data. Improvements in the accuracy of flux footprint models and downscaling methods for thermal imaging (given visible images at higher resolution) will be required for scintillometer applications to MODIS data.
Other applications include monitoring convective heat transfer from urban areas to the atmosphere, which could be used to quantify the effects of urban-heat-island mitigation measures such as tree planting. We are next planning to work with remotesensing experts to assimilate scintillometer measurements aimed at using remote-sensing and hydrometeorological models to generate accurate near-real-time ET maps.
